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Natural Variation in the npr-1 Gene
Modifies Ethanol Responses
of Wild Strains of C. elegans
1995). The genetic basis for natural variations in ethanol
responses has been the subject of intensive investiga-
tion but remains unclear. Altered behavioral responses
to ethanol have been observed in animals that are genet-
ically altered (Davies et al., 2003; Schumann et al., 2003;
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Wolf and Heberlein, 2003). However, such standard ap-University of California, San Francisco
proaches that rely on chemical mutagenesis or gene5858 Horton Street, Suite 200
knockouts may not be the best models for understand-Emeryville, California 94608
ing the natural variation in behavioral responses to etha-
nol. An alternative strategy is a direct genetic analysis
of the heterogeneity in ethanol responses in natural pop-Summary
ulations. This approach is being used to determine the
genetic basis for differences in human populations thatVariation in the acute response to ethanol between
have different ethanol sensitivity and susceptibility toindividuals has a significant impact on determining
alcoholism (Schuckit et al., 2001; Wilhelmsen et al.,susceptibility to alcoholism. The degree to which ge-
2003). The specific genes that can account for naturalnetics contributes to this variation is of great interest.
variation in ethanol responsiveness have yet to be re-Here we show that allelic variation that alters the func-
vealed.tional level of NPR-1, a neuropeptide Y (NPY) receptor-
C. elegans is an ideal organism in which to analyzelike protein, can account for natural variation in the
natural variations in behavioral responses due to theacute response to ethanol in wild strains of Caeno-
powerful genetic tools available and the existence ofrhabditis elegans. NPR-1 negatively regulates the de-
multiple wild isolates obtained from different parts ofvelopment of acute tolerance to ethanol, a neuroadap-
the world (Hodgkin and Doniach, 1997). Most vertebratetive process that compensates for effects of ethanol.
neuronal proteins have orthologs in C. elegans, includ-Furthermore, dynamic changes in the NPR-1 pathway
ing most of the proteins that have been postulated toprovide a mechanism for ethanol tolerance in C. ele-
play a role in mediating ethanol responses (Bargmann,gans. This suggests an explanation for the conserved
1998; Brownlee and Fairweather, 1999). The same tissuefunction of NPY-related pathways in ethanol respon-
concentrations of ethanol that produce intoxication inses across diverse species. Moreover, these data indi-
humans have neurodepressive effects on multiple be-cate that genetic variation in the level of NPR-1 func-
haviors of C. elegans (Davies et al., 2003). Here, we have
tion determines much of the phenotypic variation in
investigated the genetic basis for the natural variation
adaptive behavioral responses to ethanol that are ob- in ethanol responses that occurs in different wild strains.
served in natural populations. As is observed in vertebrate systems (LeBlanc et al.,
1975; Tabakoff and Ritzmann, 1979; Erwin et al., 2000;
Introduction Kirstein et al., 2002; Ponomarev and Crabbe, 2002), in-
cluding humans (Kaplan et al., 1985; Martin and Moss,
Alcohol is a widely used and abused drug; however, the 1993; Hiltunen et al., 2000), the level of response to
mechanisms that contribute to alcohol intoxication and ethanol in C. elegans involves acute adaptation that
dependence are poorly understood. Susceptibility to occurs shortly after ethanol administration. If blood or
alcoholism has a significant genetic component (Pres- tissue concentrations of ethanol are kept constant,
cott and Kendler, 1999; Schuckit, 2002). One trait that marked behavioral adaptation to ethanol can be ob-
is considered to be an important determinant of an indi- served in the form of decreased intoxication. This adap-
vidual’s susceptibility to alcoholism is the individual’s tation has been termed acute tolerance or within session
initial level of response to alcohol (Schuckit, 2002). Sig- (drinking session) tolerance (Kalant et al., 1971). It is
believed that acute tolerance represents plasticity of thenificant variations in the degree of behavioral response
nervous system that allows it to undergo an adaptationto ethanol are observed in humans and other vertebrates
to the presence of ethanol that compensates for thethat do not reflect differences in ethanol metabolism
physiological effects generated by the drug. We ob-(Begleiter and Kissin, 1995). Individuals with a low level
served that different wild strains of C. elegans exhibitof response to ethanol have a greater likelihood of be-
significant differences in their development of acute tol-coming alcoholics (Rodriguez et al., 1993; Schuckit and
erance. We mapped the difference in acute toleranceSmith, 1996; Volavka et al., 1996; Heath et al., 1999).
between CB4856 (a strain showing relatively rapid devel-Similarly, strains of mice with a relatively low level of
opment of tolerance) and N2 (a strain showing relativelyresponse more readily become dependent than do those
slow development of tolerance) to a single gene, npr-1.with a relatively high level of response (Lumeng et al.,
The npr-1 gene encodes a predicted G protein-coupled
receptor in the neuropeptide Y (NPY) receptor family
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(de Bono and Bargmann, 1998) that can act as a receptor1Present address: Institute of Neuroscience, 1254 University of Ore-
for two FMRFamide-related peptides (Kubiak et al.,gon, Eugene, Oregon 97403.
2003; Rogers et al., 2003). Allelic variation in npr-1 has2Present address: Department of Physiology, University of Califor-
nia, San Francisco, San Francisco, California 94143. been described that influences several behaviors, such
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as the speed of locomotion on food, aggregation of
animals with other animals on food (social behavior),
and bordering, a preference for the thicker parts of a
bacterial lawn (de Bono and Bargmann, 1998). These
behavioral differences between the two strains are all
due to a single amino acid substitution at position 215
of NPR-1 (de Bono and Bargmann, 1998). The CB4856
strain has been shown to have a lower function allele
(215F) of npr-1 than the allele found in the N2 strain
(215V). Each allele is found in many wild isolates, and
no other alleles of npr-1 have been identified in wild
strains (de Bono and Bargmann, 1998). We demonstrate
that this allelic variation in npr-1 strongly influences the
relative difference in behavioral responses to ethanol in
multiple wild isolates. Finally, we present evidence that
suggests that a decrease in NPR-1 signaling occurs
during sustained ethanol exposure to mediate acute
tolerance. Genetic variations in the basal level of signal-
ing in the NPR-1 pathway may result in substantial varia-
tions in behavioral responses to ethanol in different
wild strains.
Figure 1. Acute Ethanol Tolerance in C. elegans Varies between
Results Two Wild Strains
(A) The relative speed (% of the speed of untreated animals) of
Acute exposure to ethanol leads to depression of loco- three C. elegans strains increases during a continuous exposure
to exogenous ethanol (500 mM). Significant post hoc differencesmotory behavior in C. elegans. At 10 min of exposure
between the relative speed of N2 animals at 10 min versus 30 or 50to an exogenous dose of 500 mM ethanol, the speed of
min is shown (p  0.01, red ##, p  0.001, red ###). The speeds atwild-type (N2) animals was 9.3%  0.8% of the speed
30 and 50 min are also significantly different from one another (p 
of untreated animals (Figure 1A). C. elegans has been 0.05). The wild strain, CB4856 and a CB4856-derived strain that had
shown to have very low permeability to a variety of been outcrossed seven times to the N2 strain and selected for a
exogenous chemicals (Rand and Johnson, 1995), and rapid development of acute tolerance at each outcross, demonstrate
more rapid recovery of speed (acute tolerance), particularly in thewe found that the internal concentration of ethanol was
10–30 min interval, than does the N2 wild strain [FGenotype(2,16) significantly less than the concentration of ethanol in
11.84, p  0.01; FTime(2,16)  116.2, p  0.001; FGenotype  Time(4,16) the media. After 10 min of exposure to 500 mM ethanol,
14.9, p  0.001].
the internal concentration of ethanol in N2 animals was In this figure and Figures 3, 4, and 5, significant differences between
26.0 4.2 mM. The same concentration results in intoxi- N2 and other strains at particular time points, as determined by
cation in humans (Diamond and McIntire, 2002). The Bonferroni posttests, are indicated by symbols (*p  0.05; **p 
0.01; ***p  0.001). Error bars in all figures represent standard errorinternal ethanol concentration remains constant in these
of the mean.animals over the time course of the assay (see below
(B) C. elegans has low permeability to exogenous ethanol. The inter-and Figure 1B). In contrast, the depressive effect of
nal ethanol concentration (mM) within the two wild strains, N2 and
ethanol on locomotion is not constant over time. We CB4856, at the 10, 30, and 50 min time points remains constant
observed an increase in the relative speed of N2 animals [one-way ANOVAs: N2, F(2,15)  1.6, p  0.05; CB4856, F(2,12) 
exposed to ethanol over the time course of the assay (up 0.30, p  0.05], but CB4856 demonstrated higher internal ethanol
concentrations than N2 [FGenotype(1,27) 19.5, p 0.001; FTime(2,27)to 50 min) (Figure 1A). We have explored this apparent
0.43, p  0.05; FGenotype  Time(2,27)  0.25, p  0.05].recovery during an exposure to ethanol as an example
of acute ethanol tolerance.
diverge by the 30 min time point (p  0.05 at 30 and
50 min), suggesting that the difference between theseNatural Variation in Acute Tolerance
We observed significant differences in the process of strains reflects a difference in the rate at which acute
tolerance develops rather than a difference in acute sen-acute tolerance in different wild strains of C. elegans.
The N2 strain, originally isolated in Bristol, England, sitivity. Acute tolerance is thought to reflect plasticity
within the nervous system such that compensation oc-shows a modest, yet significant, recovery during 50 min
of ethanol exposure [F(2,9)  37.2, p  0.001; Figure curs to counter the depressive effects of continuous
ethanol exposure. Our results could be explained if acute1A]. In contrast, a different wild strain, CB4856, isolated
in Hawaii, demonstrates a more dramatic recovery from tolerance develops faster in the CB4856 strain than in N2.
We excluded an alternative explanation where a differ-similar levels of intoxication compared with the N2 strain
over the same time period (Figure 1A). A two-way re- ence in the rate of ethanol metabolism or clearance
between the two strains could account for the observedpeated measures ANOVA comparison of the strains over
time showed significant differences based on genotype, recovery. We found that in each strain the internal etha-
nol concentration did not change during the 10–50 mintime, and the interaction of the two (see Figure 1A legend
for statistics). Post hoc tests indicated that both strains interval (Figure 1B, see legend for statistics). We found
that the internal ethanol concentration in CB4856 wasshow indistinguishable levels of ethanol-induced behav-
ioral depression at the 10 min time point (p  0.05) but actually higher than the internal ethanol concentration
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in N2 at two of the three time points examined (Figure
1B), indicating that the more rapid recovery of CB4856
is not a result of simple enhancement of ethanol metabo-
lism or clearance in CB4856. These data suggest that an
equivalent exposure to ethanol initially produces similar
levels of locomotion depression in N2 and CB4856 and
that adaptation of the nervous system to the presence
of ethanol can occur more rapidly in the CB4856 strain
than it does in the N2 strain.
We tested other possible explanations for the more
rapid recovery from ethanol-induced behavioral depres-
sion in the CB4856 strain. The CB4856 strain is reported
to have a higher average speed than N2 in the presence Figure 2. Genetic Mapping of the Locus for Rapid Development of
of bacteria (food) but not in the absence of bacteria Acute Tolerance
(de Bono and Bargmann, 1998). All of our assays were A series of outcrosses of the CB4856 strain with the N2 strain were
performed with animals that had been removed from performed, selecting animals in the F2 progeny of each cross with
a more rapid acute tolerance phenotype. After eight such crosses,food for 30 min before the start of the assay, and the
the only region of homozygous CB4856 DNA detected by SNP analy-animals were tested in the absence of food. Under these
sis (designated as Px) was on the left arm of the X chromosome,conditions, the difference in speed between untreated
between 8.8 and 2.0. The region containing the locus of interest
N2 and untreated CB4856 is reduced although, in our was narrowed further to 8.8 to 6.0 interval by analyzing the
hands, CB4856 was slightly faster than N2 (N2 average SNPs present in the rapidly tolerant recombinant progeny of a cross
speed 221 9 m/s; CB4856 average speed 252 between CB4856 and unc-18 mutant animals (see Experimental Pro-
cedures).10 m/s; t10  2.3, p  0.05). Such differences in un-
treated speed were taken into account with these and
other strains when determining the effect of ethanol by
loci responsible for the different rates at which acutecalculating the speed of each strain on ethanol relative
tolerance developed. From the initial cross between theto the speed of untreated animals of the same strain. We
N2 and CB4856 strains, we observed that only a singleexamined other mutant strains that have faster average
locus appeared to be responsible for the difference inspeed on food or are recognized as hyperactive to deter-
the rate at which acute tolerance developed betweenmine if altered ethanol responses are a general property
the two strains and that the slow acute tolerance (N2)of these strains. egl-4 mutant animals display a faster
allele appeared to be dominant. These conclusions areaverage speed than N2 animals in the presence of food
based on analysis of the F2 generation of a cross be-(Fujiwara et al., 2002) and did not show more rapid devel-
tween N2 and CB4856 where approximately one quarteropment of acute tolerance than the N2 strain [10 min:
of the progeny demonstrated a rate of development ofN2  11.7%  2.3%, egl-4(n478)  12.2%  2.2%; 30
acute tolerance similar to the CB4856 parental strain,min: N2 17.6% 3.1%, egl-4(n478) 17.5% 1.0%;
and the remaining three quarters of the F2 progeny be-50 min: N2  21.0%  2.8%, egl-4(n478)  23.8% 
haved like the N2 strain. To map this locus to a genetic0.27%; FGenotype(1,8)  0.06, p  0.05; FTime(2,8)  50.6,
interval, we performed a series of outcrosses of thep  0.001; FGenotype  Time(2,8)  1.1, p  0.05], indicating
CB4856 strain with the N2 strain, selecting animals inthat the more rapid acute tolerance displayed by the
the F2 progeny of each cross with a more rapid acuteCB4856 strain is not an indirect effect of having a faster
tolerance phenotype. The result of these crosses wasaverage speed in the presence of food. We have also
the replacement of most of the CB4856 genome withobserved that known hyperactive mutants, including a
DNA from N2, with the exception of the region of DNAdgk-1 mutant, do not exhibit more rapid tolerance (data
surrounding the locus responsible for the rapid acutenot shown). Furthermore, the more rapid development
tolerance seen in the CB4856 strain. Analysis of SNPof acute tolerance of CB4856 does not extend to certain
haplotypes of animals that showed more rapid develop-other compounds that have a depressive effect on be-
ment of acute tolerance in successive generations re-havior. For instance, exogenous dopamine also inhibits
sulting from these crosses demonstrated that the onlylocomotion, but CB4856 does not show immediate or
significant region of homozygous CB4856 DNA was ondelayed resistance to this effect (data not shown).
the left arm of the X chromosome (8.8 to 2.0; Figure
2). By recombination mapping using visible genetic mark-The Acute Tolerance Locus Maps to npr-1
ers, we narrowed the genetic region to between 8.8We investigated the genetic nature of the difference in
and 6.0 on the X chromosome (Figure 2). Notably, thisrates of development of acute tolerance between N2
interval contains the gene npr-1. The response to ethanoland CB4856 with the assumption that this difference
of these outcrossed animals was similar to CB4856;would be attributable to one or some of the natural
there was no significant difference compared with N2dimorphisms that exist between the two strains. While
at the 10 min time point, but a difference in speedthe N2 strain is commonly used as the laboratory wild-
emerged by 30 min (Figure 1A).type strain, the CB4856 strain is widely used as a genetic
mapping strain because it carries hundreds of single
nucleotide polymorphisms (SNPs) that are dimorphic NPR-1 Negatively Regulates Acute Tolerance
N2 and CB4856 are known to carry different alleles ofwith the N2 genomic DNA sequence. We utilized the
characterized SNPs (Wicks et al., 2001) to map genetic npr-1, a gene that encodes a protein with homology to
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N2  29.5  2.2 mM, npr-1(ky13)  29.6  4.5 mM,
CB4856  41.2  1.7 mM; F(2,13)  3.4, p  0.05].
These data suggest that acute tolerance proceeds more
rapidly in the npr-1 loss-of-function mutants, which dif-
fer from N2 only in the level of NPR-1 function. By altering
the function of a single gene, we could mimic the rapid
development of acute tolerance that we see in the wild
strain CB4856.
We confirmed that the rate at which acute tolerance
develops was dependent on the particular allele of npr-1
that was present by expressing the N2 allele of npr-1 in
a CB4856 genetic background. We transformed CB4856
animals with a low copy number of a genomic DNA
fragment (PM4; see de Bono and Bargmann, 1998) con-
taining the npr-1 gene from N2 animals. The ethanol
response of these animals was significantly depressed
compared with CB4856 [FGenotype(2,14)  20.2, p  0.01;
FTime(2,14)  78.3, p  0.001; FGenotype  Time(4,14)  23.0,
p  0.001; post hoc, p  0.01 at the 30 and 50 min time
points] but not different from N2 at any time point (post
hoc, p  0.05) (Figure 3B). This confirms the dominant
nature of the N2 allele of npr-1 with regard to the acute
Figure 3. The Functional Level of NPR-1 Strongly Affects the Devel- tolerance phenotype.
opment of Acute Tolerance The combination of our two strategies for identifying
(A) Loss-of-function mutations in the npr-1 gene in an N2 genetic the cause of the acute tolerance differences provides
background can result in a significant increase in the rate at which
substantial evidence that the functional level of NPR-1acute tolerance develops, particularly in the 10–30 min time inter-
is central to these differences. npr-1 expression is lim-val [FTime(2,26)  90.0, p  0.001; FGenotype(4,26)  9.0, p  0.01;
ited to a subset of neurons (Coates and de Bono, 2002),FGenotype Time(8,26)  5.8, p  0.001]. None of the npr-1 mutants was
significantly different from CB4856 at the 10, 30, or 50 min time providing support for the theory that acute tolerance
points (post hoc, p  0.05). has a neuronal basis.
(B) Expression of an N2 allele-bearing npr-1 genomic DNA construct The fact that animals with loss-of-function alleles of
in a CB4856 genetic background (CB4856;egEx5) resulted in a signif-
npr-1 display more rapid development of acute toler-icantly reduced rate of development of acute tolerance such that it
ance than animals with the N2 allele implies that NPR-1was not different from N2 (see text for statistics). We tested three
negatively regulates the rate at which acute toleranceindependent strains that overexpress the same npr-1 DNA construct
(a 10-fold greater concentration was injected) in an N2 genetic back- develops. This hypothesis predicts that by increasing
ground, two of which (N2;egEx2 and N2;egEx3) showed greater the expression levels of NPR-1 beyond that in N2 ani-
depression of speed by ethanol compared with N2 [FGenotype(3,18)  mals, the development of acute tolerance should slow
9.9, p  0.01; FTime(2,18)  25.7, p  0.001; FGenotype  Time(6,18)  4.8, even further. We tested this by transforming N2 animalsp  0.01].
with a high copy number of the PM4 genomic DNA frag-
ment, thereby increasing the copy number of the npr-1
gene and presumably increasing levels of the NPR-1 pro-the mammalian NPY receptors (de Bono and Bargmann,
tein. Two out of three animals expressing this construct1998). N2 is a solitary strain (carrying the higher function
at these levels (N2;egEx1–3 ) demonstrated a decreasedallele, 215V), while CB4856 is a social strain (carrying
rate of development of acute tolerance compared withthe lower function allele, 215F) (de Bono and Bargmann,
N2 animals, confirming that NPR-1 plays a negative reg-1998). We tested whether the observed difference in
ulatory role in acute tolerance (Figure 3B).acute tolerance might also be due to an allelic difference
at the npr-1 gene by testing animals that carried loss-of-
function alleles of npr-1 in an otherwise N2 background The Role of NPR-1 in Acute Tolerance Can Be
Separated from Its Role in Food-Dependent(Figure 3A). The relative speed of animals carrying the
npr-1(n1353) mutation, a weak loss of function, ap- Social Behaviors
We asked if npr-1 acts to antagonize the development ofpeared higher than that of N2 animals at the 30 and 50
min time points but was not significantly different from acute tolerance in the same way that it acts to suppress
food-dependent social behaviors. We tested the effectsN2 at any time point. Each of the remaining strains was
not significantly different from N2 at the 10 min time of two loss-of-function mutations, osm-9(ky10) and ocr-
2(ak47), which can suppress the clumping and fasterpoint but recovered faster than N2 such that there were
significant speed differences at later time points (see speed on food behaviors of npr-1 loss-of-function mu-
tants (de Bono et al., 2002). The osm-9(ky10);npr-Figure 3A and legend for statistics). CB4856 was not
significantly different from any of the npr-1 mutants, 1(ad609) animals appeared to have an intermediate phe-
notype, although there was not statistically significantwhich suggests that npr-1(n1353) may have a phenotype
that is intermediate between N2 and CB4856. We con- suppression of the acute tolerance phenotype (Figure
4A). The osm-9(ky10);npr-1(ad609) animals were notfirmed that the degree of ethanol metabolism or clear-
ance in npr-1(ky13) mutant animals was not different statistically different from either the npr-1(ad609) or
osm-9(ky10) animals, although the two single mutantsfrom N2 or CB4856 [ethanol concentration at 50 min:
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Figure 4. npr-1 Has Different Functions in Social Behavior and Ethanol Response
(A) osm-9(ky10) may partially suppress the rapid rate of development of acute tolerance shown by the npr-1(ad609) strain. The double mutant
was not significantly different from either npr-1(ad609) or osm-9(ky10) at individual time points, although the single mutant animals differed
at the 30 and 50 min time points [FGenotype(2,12)  13.4, p  0.01; FTime(2,12)  58.3, p  0.001; FGenotype  Time(4,12)  5.2, p  0.05].
In (A)–(D), significant posttest comparisons with npr-1(ad609) at any given time point are indicated by symbols (†p  0.05, ††p  0.01).
(B) ocr-2(ak47) can suppress the faster speed on food and clumping and bordering phenotypes of npr-1 loss-of-function mutants (de Bono
et al., 2002) but does not suppress the ethanol phenotype of npr-1(ad609) [FGenotype(2,10)  30.8, p  0.01; FTime(2,10)  53.9, p  0.001; FGenotype  Time
(4,10)  7.3, p  0.01].
(C) The odr-8(ky173) mutation can suppress the social behavior of npr-1 mutations (de Bono et al., 2002) and can suppress or partially
suppress the ethanol response of npr-1(ad609) [FGenotype(2,10)  46.3, p  0.001; FTime(2,10)  24.3, p  0.001; FGenotype  Time(4,10)  5.0, p 
0.05]. The double mutant was not significantly different from odr-8(ky173) at any time point (p  0.05). odr-8(ky173) may show hypersensitivity
to the depressive effects of ethanol.
(D) Expression of npr-1(N2) in the AQR, PQR, and URX neurons using the gcy-32 promoter can partially rescue the social behaviors of npr-1
mutants (Coates and de Bono, 2002). However, this limited expression of npr-1 does not change the ethanol response of npr-1(ad609)
[FGenotype(1,8)  0.42, p  0.05; FTime(2,8)  21.0, p  0.001; FGenotype  Time(2,8)  0.25, p  0.05].
(E) A loss-of-function allele of the NPR-1 ligand-encoding gene, flp-21(pk1601), does not produce an increase in the rate of development of
acute tolerance [FGenotype(2,20)  9.7, p  0.01; FTime(2,20)  38.2, p  0.001; FGenotype  Time(4,20)  7.0, p  0.01]. As with N2, flp-21(pk1601)
animals differ significantly from npr-1(ky13) animals at the 30 min time point (post hoc, p  0.05).
(F) Overexpression of flp-21 does not alter the ethanol sensitivity of CB4856. Three independent strains that overexpress the flp-21 gene in
a CB4856 genetic background do not alter the acute tolerance phenotype of CB4856 [FGenotype(3,28)  0.11, p  0.05; FTime(2,28)  43.6, p 
0.001; FGenotype  Time(6,28)  0.81, p  0.05; all post hoc tests, p  0.05].
differed significantly from one another at the 30 and 50 the depressive effects of ethanol, which makes interpre-
tation of the result difficult, but this experiment andmin time points (Figure 4A). osm-9 encodes a TRPV
channel that is expressed in a subset of neurons and is those with osm-9(ky10) and ocr-2(ak47) imply that there
is less than complete overlap between mutations thatthought to form heteromeric channels with another TRP
channel subunit, OCR-2 (Colbert et al., 1997; Tobin et can suppress npr-1-mediated social and ethanol behav-
iors; for instance, the nociceptive response requiringal., 2002). The ocr-2 gene has a more limited expression
pattern, and function of both of these genes is required OCR-2 that is implicated in social behavior (de Bono et
al., 2002) appears to not be important for the alcoholfor npr-1-mediated social behavior phenotypes. A muta-
tion in ocr-2 did not suppress the acute ethanol toler- response.
We asked if npr-1 functions in the same neurons toance phenotype of npr-1 animals (Figure 4B). This result
indicates that the functions of npr-1 in ethanol tolerance confer its ethanol acute tolerance phenotype as it does
to confer its social behavior phenotype. We testedand food-dependent behaviors are separable. We tested
a third npr-1-suppressor mutation, odr-8(ky173), for its whether or not we could rescue the npr-1 acute sensitiv-
ity phenotype by replacing npr-1 function in a subseteffects on the ethanol response of npr-1(ad609). npr-1-
mediated social behavior requires ODR-8-dependent re- of npr-1-expressing cells shown to be sufficient to res-
cue the social behavior phenotype of npr-1 mutantsceptor trafficking (Dwyer et al., 1998; de Bono et al.,
2002). The more rapid development of acute tolerance (Coates and de Bono, 2002). In contrast to the social
behavior results, we did not observe rescue of the acutedisplayed by npr-1(ad609) was significantly suppressed
in an odr-8(ky173); npr-1(ad609) double mutant (Figure sensitivity phenotype of npr-1(ad609) when we used a
gcy-32 promoter to place npr-1 expression specifically4C). odr-8(ky173) animals may show hypersensitivity to
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in the AQR, PQR, and URX neurons (Figure 4D). These
results suggest that the function of npr-1 in suppressing
social behavior is distinct from its function in antagoniz-
ing development of acute tolerance to ethanol.
Two NPR-1 ligand-encoding genes have been identi-
fied in worms: flp-21 and flp-18 (Kubiak et al., 2003;
Rogers et al., 2003). If flp-21 is important for signaling
in the ethanol response, then altering levels of FLP-21
should affect the acute tolerance phenotype of animals
on ethanol, as it has been shown to do for social behavior
(Rogers et al., 2003). We assayed the behavior of animals
with the loss-of-function mutation flp-21(pk1601) in re-
sponse to ethanol and found that it was not different
from N2 (Figure 4E), suggesting that the FLP-21 ligand
is not essential for driving the NPR-1-mediated response
to ethanol. Overexpression of flp-21 did not alter the
acute tolerance phenotype of CB4856 (Figure 4F), which
further supports the hypothesis that FLP-21 is not inti-
mately involved in the acute tolerance function of the
npr-1 pathway. We were unable to test flp-18 for its
effects on npr-1 function in acute tolerance. A loss-of-
function allele of flp-18 is not yet available for analysis,
and overexpression of flp-18 causes an uncoordinated
phenotype that precludes an analysis of locomotory be-
Figure 5. Variation in Acute Tolerance in Wild Strains Correlateshavior (Rogers et al., 2003; data not shown). Given that
with the Natural Variation in the Functional Level of NPR-1flp-21 appears to have no effect on acute tolerance, it
(A) The three wild strains, CB4853, CB4855, and CB4857, were iso-is interesting to speculate that flp-18 may encode a
lated from three locations in California, and each carries the CB4856
ligand that is important in the development of acute allele of npr-1. These strains demonstrate rapid development of
tolerance to ethanol. acute tolerance that is similar to that of the Hawaiian wild strain
CB4856 and significantly different from that of N2 at the 30 and/or
the 50 min time points but not at the 10 min time point [FGenotype(4,46)
6.6, p  0.01; FTime(2,46)  69.4, p  0.001; FGenotype  Time(8,46)  2.4,Natural Variation in npr-1 Modifies the Rates
p  0.05; post hoc, at 30 min, p  0.05 for N2 versus CB4853,
of Acute Tolerance Development CB4855, or CB4857; at 50 min, p  0.05 for N2 versus CB4855 or
Our results indicate that allelic variation of a single gene CB4856, otherwise p  0.05 for N2 comparisons and all CB4856
can explain much of the difference in acute tolerance comparisons with non-N2 strains].
(B) Four wild strains (CB3191, CB4555 [from CA], TR389, and TR403between two strains, N2 and CB4856. We asked if we
[from WI]) that carry the N2 allele of npr-1 demonstrate developmentcould predict the rate of acute tolerance of a wild strain
of acute tolerance that is significantly different from CB4856 at thebased on the level of NPR-1 function in that strain. We 30 and 50 min time points [FGenotype(5,48)  12.5, p  0.001;
tested three wild strains that bear the same npr-1 allele FTime(2,48)  29.3, p  0.001; FGenotype  Time(10,48)  9.3, p  0.001;
as CB4856 (de Bono and Bargmann, 1998). Each of posttests: at 10 min, p  0.05 for all strains versus CB4856; p 
0.05 for CB4856 versus CB3191 or TR389 at 30 and 50 min; p these strains resembled CB4856 more closely than they
0.01 at 30 min and p  0.001 at 50 min for CB4856 versus N2 ordid N2 by demonstrating more rapid development of
CB4555; p  0.001 for CB4856 versus TR403 at 30 and 50 min]. Allacute tolerance (Figure 5A). In addition, we tested four
are similar to the English wild strain N2, with the exception of
wild strains that carry the N2 allele of npr-1 (de Bono CB4555, which shows resistance compared with N2 at 10 min.
and Bargmann, 1998), and all of these strains respond
to ethanol in a manner unlike CB4856 and similar to N2
(Figure 5B). CB4555 did not behave quite like N2: it Downregulation of the NPR-1 Pathway
demonstrated an initial resistance to ethanol compared during Acute Tolerance
with N2 but displayed no acute tolerance, such that the NPR-1 negatively regulates the rate at which acute toler-
animals had a greater depression of locomotion rate ance develops but the question remains: what is the
after 30 min of ethanol exposure than at 10 min [F(2,8) physiological basis of acute tolerance? What are the
5.2, p  0.05; post hoc comparisons: p  0.05 for 10 physiological adaptations occurring in the nervous sys-
min versus 30 min, p  0.05 for 10 min versus 50 min; tem that allow some level of compensation for the de-
Figure 5B]. While the acute tolerance behaviors of these pressive effects of ethanol? While the process of acute
strains demonstrate the possibility that genes other than tolerance is likely to represent compensatory mecha-
npr-1 may influence aspects of acute tolerance, it is nisms to multiple effects of ethanol, there are two possi-
possible to predict the relative response to ethanol bilities that involve NPR-1 in acute tolerance. One is that
based on the presence of a particular allele of npr-1. the rate of development of acute tolerance is under a
These results attest to the central role that npr-1 plays simple negative control that correlates with the level of
in the mechanism of acute tolerance; the polymorphism NPR-1 function, which remains unchanged during the
in npr-1 has a major gene effect that is visible in various acute tolerance process. The second possibility is that
compensatory changes occur in the NPR-1 pathway innaturally occurring genetic backgrounds.
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response to an effect of ethanol that activates the NPR-1
pathway or inactivates a directly competing pathway to
contribute to behavioral adaptation. Both possibilities
predict that altered levels of basal NPR-1 function would
result in different rates of development of tolerance. In
favor of the second possibility, we have evidence that
there may be a downregulation of the NPR-1 pathway
itself during development of acute tolerance to ethanol.
If ethanol triggers downregulation of the NPR-1 path-
way, then animals exposed to ethanol should develop
behavioral characteristics that are known to result from
reduced function of NPR-1, such as the aggregation
of animals with one another in the presence of food
(clumping) and a preference for thicker parts of the bac-
terial lawn (bordering). N2 animals have high levels of
NPR-1 function and feed in a solitary manner with little
preference for thicker parts of the bacterial lawn (de
Bono and Bargmann, 1998). We observed, however, that
N2 animals display a striking behavioral change when
they are exposed to ethanol for an extended period of
time and then returned to a medium that lacks ethanol.
Such a withdrawal from ethanol results in the N2 animals
displaying strong clumping and bordering (Figures 6A
and 6B), a phenocopy of animals carrying loss-of-func-
tion mutations in npr-1. Food is present in both the
presence and absence of ethanol in these experiments.
We used RT-PCR to quantify levels of npr-1 mRNA in
animals that had been treated with ethanol for the same
extended period of time to determine if the clumping
and bordering behaviors were due to a downregulation
of the npr-1 gene itself. We found no difference in the
level of npr-1 mRNA in treated and untreated animals
Figure 6. Long-Term Exposure to Ethanol Followed by Withdrawal(t20.89, p 0.05), suggesting that if there is downregu-
Results in Clumpinglation of npr-1, it is occurring at the level of the NPR-1
(A) N2 animals, which show little to no tendency to clump or border,protein. Alternatively, the downregulation may be else-
can be induced to clump and border if exposed to ethanol (350 mMwhere in the NPR-1 pathway.
exogenous concentration) for 18–22 hr and then moved to mediaWe confirmed that the NPR-1 pathway is likely to be
that does not contain ethanol. daf-3 animals also clump and border
affected by this extended period of ethanol exposure following withdrawal from ethanol. osm-9 and tax-4 mutant animals
because tax-4 and osm-9 mutations that suppress the show little to no clumping and bordering, respectively. Scale bars
clumping induced by npr-1 loss-of-function mutations equal 1 mm.
(B) Quantification of the induction of clumping following withdrawal(de Bono et al., 2002) also suppress ethanol-induced
from ethanol. Bars show the percentage of animals that were clump-clumping, tax-4 doing so to a greater extent than osm-9
ing after 20 min. The osm-9(ky10) and tax-4(p678) mutations sup-(Figures 6A and 6B). As a further test of specificity for
press the clumping induced in an N2 strain by withdrawal fromthe effect on the NPR-1 pathway, we also tested mutants
long-term ethanol exposure. The daf-3(e1376) mutation does not
that suppress clumping that has been induced through suppress withdrawal-induced clumping. Asterisks indicate statisti-
an npr-1-independent mechanism. Mutations in daf-3 cal significance (p  0.01) compared with untreated animals of the
can suppress the clumping behavior of daf-1, daf-7, same genotype.
daf-8, and daf-14 mutants (Thomas et al., 1993). A daf-3
mutation does not suppress the clumping behavior of
loss-of-function mutations in the npr-1 gene. We testednpr-1 loss-of-function mutants (de Bono et al., 2002) and
the possibility that ethanol generates an activation offailed to suppress ethanol withdrawal-induced clumping
the npr-1 pathway by examining the level of clumping(Figures 6A and 6B). These experiments suggest that the
displayed by loss-of-function mutants of npr-1 in theclumping we observe after withdrawal from an ethanol
presence of ethanol. Ethanol dramatically suppressedexposure involves an ethanol-mediated effect on the
the clumping displayed by these mutant animals (Fig-NPR-1 pathway.
ures 7A and 7B). As a test of specificity for the NPR-1It is interesting that the clumping associated with eth-
pathway, we observed that ethanol failed to suppressanol exposure is not observed until the animals are re-
the clumping of daf-7 and daf-8 mutant animals (Figuresmoved from ethanol. One explanation is that downregu-
7A and 7B) that are induced to clump by a mechanismlation of the NPR-1 pathway compensates for an
that is independent of npr-1 (Thomas et al., 1993; deopposing activation of the pathway that continues to
Bono et al., 2002). Hence, ethanol may produce a physio-occur as long as ethanol is present. When the activating
logical effect akin to the normal function of NPR-1, whicheffect of ethanol is removed from the physiological
would explain the rescue of npr-1 mutant animals thatequation, the downregulation of the npr-1 pathway is
exposed and the animals behave like animals that have have diminished NPR-1 function and the compensatory
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Figure 7. Suppression of NPR-1-Regulated
Clumping Behavior by Acute Ethanol Ex-
posure
(A) The clumping behavior induced by loss
of function in the npr-1 gene is dramatically
reduced in the presence of ethanol. npr-
1(ky13) animals do not clump in the presence
of ethanol (350 mM), whereas daf-8 animals
clump in the presence and absence of etha-
nol. Clumps of animals are indicated by white
arrowheads. Scale bar equals 1 mm.
(B) Quantification of the suppression of clump-
ing by acute ethanol exposure. Bars show the
percentage of animals that were clumping
after 20 min exposure to an exogenous etha-
nol concentration of 350 mM. Ethanol sup-
presses the clumping phenotype of the weak
and strong loss-of-function npr-1 mutations,
n1353 and ky13. Neither daf-7(e1372) nor daf-
8(e1393) shows suppression of their clump-
ing behavior by acute ethanol exposure. As-
terisks indicate statistical significance (*p 
0.05; **p  0.01) when compared with un-
treated animals of the same genotype.
downregulation that occurs in N2 animals that have normal et al., 1993). These experiments have typically used sur-
vival on a toxic dose of ethanol to assay ethanol sensitiv-levels of NPR-1 function. As demonstrated previously (Fig-
ure 3A), downregulation of NPR-1 also results in more ity, and therefore the variation observed may not explain
the natural variation in the more subtle effects of intox-rapid development of tolerance. Together, these data
suggest that ethanol induces compensatory changes in icating, nonlethal, doses of ethanol. We have chosen
to explore natural variation in response to intoxicatingthe NPR-1 pathway that result in adaptive behavioral re-
sponses. doses of ethanol in wild populations because biochemi-
cal analysis that can identify direct targets of ethanol
action may not reveal the downstream pathways thatDiscussion
can confer important alterations in natural sensitivity.
These may have direct relevance to human studies ofNatural Variation in npr-1 Modifies the Rate
natural variation in susceptibility.of Acute Tolerance Development
We first explored the genetic basis for the differenceIn both mammalian and invertebrate systems, variations
in acute tolerance between two natural isolates of C. ele-in acute behavioral responses to ethanol between dif-
gans and found that allelic variation at the npr-1 locusferent natural isolates are widely observed, which in
could account for much of the difference. We then testedvertebrates correlate with differences in chronic alcohol
additional wild isolates to determine if allelic variationconsumption and the development of dependence. In
of npr-1 generally determined variations in behavioralhumans, populations exhibiting a relatively low level of
responses to ethanol. Variation at the npr-1 locus pre-response to ethanol have a higher incidence of alcohol-
dicted the relative response to ethanol in all wild isolatesism (Rodriguez et al., 1993; Schuckit and Smith, 1996;
that were studied. Strains of C. elegans isolated fromVolavka et al., 1996; Heath et al., 1999). In rodents,
the wild carry one of two alleles of npr-1 that differ instrains with a low acute response to ethanol show
the level of function of the expressed NPR-1 protein.greater consumption and more readily become depen-
Wild strains that carry the allele producing an NPR-1dent on the drug (Lumeng et al., 1995). The neurogenetic
protein with higher function display, as a group, lowerbasis for this natural variation has remained uncertain
rates of acute ethanol tolerance development relativedespite considerable investigation. Much work compar-
to the group of wild strains carrying the allele of npr-1ing wild isolates of Drosophila has implicated a number
of metabolic enzymes in innate ethanol sensitivity (Geer that produces the less functional NPR-1 protein. In these
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geographically isolated strains, the allele of npr-1 that the rate of recovery. We found that this is true for
C. elegans and this has been shown to be the case foris present is a key determinant of the rate of acute
tolerance. While some variation exists in the rate of de- NPY in mice; overexpression of NPY in otherwise wild-
type mice resulted in a slower recovery from ethanol-velopment of acute tolerance displayed by these strains,
it is clear that the polymorphism in npr-1, which alters induced sleep (Thiele et al., 1998). The association of
NPY levels and the functional state of NPR-1 with thethe functional level of the NPR-1 protein, has a major
gene effect that is evident in different genetic back- rate at which recovery from ethanol intoxication occurs
suggests that ethanol is acting on the nervous systemgrounds. It is interesting to speculate that the changes
in response to ethanol intoxication caused by allelic in fundamentally similar ways in these two disparate
organisms and that the mechanism by which these or-differences in npr-1 may result in fitness differences in
different soil environments where alcohol is present at ganisms respond to the physiological effects of ethanol
has been conserved. The possibility that the NPY signal-varying concentrations.
ing pathway may be conserved across such diverse
species as a regulator of the acute response to ethanolPossible Role of NPY in Ethanol Responses
is intriguing.in Vertebrates
One possible reason for conservation of this NPY/NPR-1 is a predicted G protein-coupled receptor related
NPR-1 pathway in ethanol responses across species isto the mammalian NPY receptors (de Bono and Barg-
a link to cAMP signaling, which has been implicated inmann, 1998). Allelic variation in the human NPY gene
mediating effects of ethanol, including acute ethanolhas been investigated as a factor in the incidence of
sensitivity in Drosophila and mice (Diamond et al., 1991;alcoholism. The Pro7 polymorphism in the signal pep-
Moore et al., 1998; Park et al., 2000; Thiele et al., 2000).tide of NPY has been associated with higher alcohol
Activation of NPY Y1 and NPR-1 receptors can inhibitconsumption in a non-alcohol-dependent Finnish male
cAMP signaling in vitro (Larhammar et al., 1992; Kubiakpopulation (Kauhanen et al., 2000) and with alcoholism
et al., 2003). Acute tolerance has not been directly testedin European Americans (Lappalainen et al., 2002). How-
in Drosophila, but an assay exists that tests for a formever, two other studies found either no association of
of tolerance that is generated following an exposure tothe Pro7 allele with alcohol dependence in Swedish and
ethanol and tested in subsequent exposures rather thanFinnish populations (Zhu et al., 2003) or a lower fre-
during the initial exposure (Scholz et al., 2000). Thequency of the Pro7 allele in alcoholics (Ilveskoski et al.,
development of this functional tolerance requires the2001). These contrasting studies make it unclear if the
neurotransmitter octopamine (Scholz et al., 2000). InPro7 allele is truly playing a role in human alcohol depen-
addition, cAMP is linked with this form of tolerance;dence. Analysis of the acute ethanol response or ethanol
the authors report an unpublished observation that thedependence of humans carrying naturally occurring
cAMP phosphodiesterase mutant dunce shows reducedpolymorphisms in any of the NPY receptors has not
tolerance in their assay (Scholz et al., 2000). It will bebeen reported.
interesting to see if the NPY-like pathway in DrosophilaAlthough it remains to be determined if the NPY signal-
(Wu et al., 2003) has any effect on this tolerance phe-ing pathway plays a role in determining the natural varia-
notype.tion in ethanol responses in other systems, there is evi-
dence for a role of this pathway in regulating acute
ethanol responses in rodents. A number of lines of rats Ethanol Has a Conserved Effect
on the NPR-1/NPY Pathwayshave been bred to be alcohol preferring or nonpreferring
and several studies have demonstrated a correlation Our analysis suggests that adaptive behavioral re-
sponses to ethanol may depend upon compensatorybetween NPY levels in these strains and their behaviors
(for a review, see Thiele and Badia-Elder, 2003). The changes occurring in the NPY/NPR-1 pathways (Figure
8). The clumping behavior that is induced in wild-typemost consistent outcome of these experiments is that
there appear to be lower levels of NPY expression in the C. elegans animals (N2) by removal from ethanol after
extended exposure phenocopies the behavior of mutantsamygdalas of rats that consume more ethanol (Ehlers et
al., 1998; Hwang et al., 1999). Knockout mutants of the with loss-of-function alleles of npr-1. This suggests that
there has been a compensatory downregulation of theNPY-encoding gene and the NPY Y1 receptor-encoding
gene each display a decrease in the latency to right NPR-1 pathway in response to ethanol (Figure 8). The
downregulation could occur either upstream or down-reflex or a more rapid recovery from ethanol-induced
sleep than do their wild-type littermates (Thiele et al., stream of NPR-1 to result in adaptation to an activating
effect of ethanol on the pathway. The ethanol suppres-1998, 2002). The time required to recover the righting
reflex is considered to be a measure of acute sensitivity sion of clumping that results from loss-of-function al-
leles of npr-1 also suggests an action of ethanol on theto ethanol; however, that time is also impacted by the
rate at which acute tolerance develops in the animal NPR-1 pathway that is akin to the normal function of
the NPR-1 ligand (Figure 8). The site of action of ethanol(Ponomarev and Crabbe, 2002). Hence, NPY in the
mouse and NPR-1 in worms both act to regulate acute in the NPY/NPR-1 pathways has not been determined.
Our results, however, suggest that ethanol is likely to actresponses to ethanol, and when those genes have lost
function, recovery occurs at a more rapid rate. NPY and downstream of the receptor because the suppressive
effect of ethanol on clumping behavior is still observedNPR-1 may normally play a negative regulatory role in
development of acute tolerance to ethanol. One predic- in the null allele npr-1(ky13) where there is no functional
receptor present.tion of NPY and NPR-1 playing negative regulatory roles
is that increased levels of either protein should decrease Several intriguing observations made in studies of
Neuron
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effects of intoxication. The npr-1 signaling pathway may
act by presynaptic inhibition and could therefore alter
transmitter release at the same sites as the SLO-1 chan-
nel. Mutations in the slo-1 gene, which confer consider-
ably more (up to 2.5 times) ethanol resistance than null
alleles of npr-1, have serious phenotypic consequences
that would be likely to compromise fitness of animals
carrying them. In contrast, allelic variation in genes like
npr-1 may have more subtle alterations in transmitter
release, and therefore may be more easily maintained in
wild populations. Such allelic variation may have major
Figure 8. Model for the Effect of Ethanol on the NPR-1 Pathway phenotypic consequences when animals are exposed
and Its Role in the Development of Acute Tolerance to ethanol. Exploring the actual allelic variation that ex-
The NPR-1 pathway negatively regulates the rate of development plains natural variation in ethanol response may have
of acute tolerance to ethanol. Our data suggest that ethanol has an direct relevance to our ability to predict susceptibility
activating effect on the NPR-1 pathway downstream of the NPR-1 to alcoholism in humans.
receptor. Prolonged exposure to ethanol results in a compensatory
downregulation of the NPR-1 pathway that balances the continued
activating effect of ethanol. Thus, acute tolerance to ethanol occurs Concluding Remarks
because the negative control of the process by the NPR-1 pathway We have identified a genetic basis for variation in acute
is relieved. Animals with reduced or no NPR-1 function will demon- responses to ethanol that occurs in wild strains isolated
strate faster rates of acute tolerance development because of dimin-
from distinct geographical regions. The NPR-1 signalingished basal levels of NPR-1 function.
pathway is a key regulator of acute tolerance, and allelic
variation in npr-1 strongly influences the rate of develop-
ment of acute tolerance in all of the wild strains wemammalian systems suggest that changes in the NPY
examined. Changes in the NPR-1 pathway appear tosignaling pathway also occur with prolonged ethanol
occur with prolonged ethanol exposure and may resultexposure in these systems. One of these studies exam-
in adaptive behavioral responses. Observations madeined the expression of many genes in the frontal and
in mammals suggest that NPY-like signaling pathwaysmotor cortices of the brains of alcoholics using cDNA
also affect acute behavioral responses to ethanol inmicroarrays (Mayfield et al., 2002). Among the many
higher organisms. Given the extraordinary conservationchanges that were observed was a significant decrease
of this signaling pathway, it will be interesting to deter-in NPY expression in both tissues. One possible expla-
mine whether differences in the endogenous level ofnation for this change is that low levels of NPY are
NPY signaling also contribute to the natural variation incausative for alcoholism; an alternative is that chronic
behavioral responses to ethanol that are observed inalcohol abuse results in a decrease in NPY levels. Two
human populations.studies used immunohistochemistry to examine NPY
levels in the brains of rats that were fed ethanol over
Experimental Proceduresperiods sufficient to induce physical dependence and
symptoms of alcohol withdrawal when ethanol is re- Nematode Culture and Strains
moved (Roy and Pandey, 2002; Bison and Crews, 2003). Nematodes were cultured according to Brenner (1974). The strains
While the two studies were not in agreement as to the used in this study were: N2, CB3191, CB4555, CB4856, CB4853,
CB4855, CB4857, TR389, TR403, npr-1(ky13), npr-1(ad609), npr-1regions of the brain that showed changes, both studies
(n1353), unc-18(e81), osm-9(ky10), tax-4(p678), egl-4(n478), daf-3observed reduced levels of NPY in multiple brain regions
(e1376), daf-7(e1372), daf-8(e1393), dgk-1(nu62), osm-9(ky10);npr-1during chronic ethanol exposure. Finally, injection of
(ad609), ocr-2(ak47), ocr-2(ak47);npr-1(ad609), odr-8(ky173), odr-8
NPY was found to attenuate the symptoms of ethanol (ky173);npr-1(ad609), flp-21(pk1601), and npr-1(ad609) lin-15
withdrawal in rats that had been treated with ethanol to (n765ts);dbEx3[lin-15() Pgcy-32::npr-1::gfp]. Strains were provided
induce a physical dependence (Woldbye et al., 2002). by M. de Bono, C. Li, and the C. elegans Genetics Center.
That both C. elegans and mammals display decreases
Acute Tolerance Assaysin NPY signaling during extended ethanol exposure pro-
The effects of ethanol on locomotion rate were assayed as describedvides evidence that adaptation to ethanol in diverse
by Davies et al. (2003). Briefly, NGM plates were used without aorganisms may share a common mechanism.
bacterial lawn to ensure that the reported difference in speed be-
tween solitary and social strains when on food (de Bono and Barg-
mann, 1998) was minimized. The assay plates were dried at 37	CNPR-1 and Direct Targets of Ethanol
for 2 hr, copper rings were melted into the surface, and ethanolHow does our discovery that natural variation in npr-1
(4	C) was added to achieve a concentration of 500 mM. The plates
activity alters the ethanol response of C. elegans relate were sealed with Parafilm and left for 2 hr at room temperature. Ten
to the molecular targets of ethanol in the nervous sys- young adult animals of the strains to be compared were moved to
plates without bacteria for 30 min prior to the assay, then placedtem? Our previous results indicated that the potassium
in individual rings on the same assay plate and their movementchannel SLO-1 is a major mediator of the effects of
recorded at set time points, typically 10, 30, and 50 min. Two-minuteethanol (Davies et al., 2003). We have previously shown
movies were recorded using a CCD camera (1 frame/s). The time-that ethanol activates the voltage-gated potassium
lapse movies were analyzed using DIAS software (Solltech, Inc.).
channel SLO-1, which acts to dampen the activity of To further minimize the effects of differences in the basal speed of
neuronal cells. Potentiation by ethanol would, therefore, each strain, we calculated a relative speed for each strain (treated
average speed/untreated average speed  100, n 
 3). All straindecrease neuronal activity, resulting in the depressive
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comparisons were made from assays performed on the same days over event between the acute tolerance locus and the unc-18 gene.
The pattern of SNPs on the X chromosome of these animals wasusing two-way repeated measures ANOVA with Bonferroni posttests
using Prism software (GraphPad Software). Comparison of speeds examined. Regions that retained CB4856 homozygosity represented
the candidate region for the acute tolerance locus.over time within a given strain used one-way repeated measures
ANOVA with Bonferroni posttests.
Transformation of C. elegans
Transformation of worms with DNA was performed as describedWithdrawal-Induced Clumping
previously (Mello and Fire, 1995). PM4 contains a fragment of geno-Assays for clumping upon removal from long-term ethanol exposure
mic DNA, covering most of the npr-1 gene, that has been shown towere done as follows: NGM plates that had been seeded with bacte-
rescue the bordering and clumping phenotypes of npr-1 loss-of-ria on one half of the plate were dried for 2 hr, ice-cold ethanol was
function animals (de Bono and Bargmann, 1998). PM4 was injectedadded to the half of the plate not seeded with bacteria, and the
at a concentration of 20 ng/l into the CB4856 strain to demonstrateplate was left on a gentle slope to prevent the ethanol from directly
dominance of the N2 allele of npr-1 with respect to the acute toler-touching the bacteria. This allowed the bacteria to remain as a viable
ance phenotype. For the overexpression studies, PM4 was injectedfood source. Twenty animals were placed on ethanol-treated or
at a concentration of 200 ng/l into N2 animals. A neuron-specificcontrol plates. The plates were then sealed with Parafilm and kept
co-injection marker was used, pH20::GFP (Shioi et al., 2001). flp-18at 20	C for 18–22 hr. Assay plates for clumping were prepared as
and flp-21 overexpression studies were performed as describedfollows: NGM plates were seeded with bacteria and allowed to grow
by Rogers et al. (2003) with the exception that CB4856 was theat room temperature for 16–20 hr, creating a thin lawn. Copper rings
transformed strain and Punc-122::gfp was the co-injection marker (Loriawere added and a 2 mm wide scoop of thick bacteria was placed
et al., 2004).in the middle of each copper ring. Twenty control animals were
placed in one ring away from the bacterial clump, and twenty etha-
nol-treated animals were placed in the other ring in a similar position. Calculating Internal Ethanol Concentrations
A time-lapse movie was recorded immediately that spanned a 30 Internal ethanol concentrations following timed exposures to etha-
min period (1 frame/5 s). An animal was scored as being in the nol were determined as follows. 300–600 worms were placed on
clump when 50% or more of its body length was in contact with dried (37	C for 2 hr) plates without bacteria that had ethanol added
the clump. Treated animals were compared with control animals by to a final concentration of 500 mM. The animals were left on the
two-tailed t tests. plates for 10, 30, or 50 min before they were washed from the plate
Semiquantitative RT-PCR was performed on cDNAs derived from with ice-cold dH20. The animals were briefly centrifuged at 4	C to
young adult animals treated with 350 mM ethanol for 20 hr and form a pellet and the supernatant was removed. The volume of
equivalent control animals. RNA was isolated using the RNAqueous- the worm-containing pellet was determined, and ice-cold dH20 was
4PCR Kit (Ambion) and cDNAs generated using a First Strand cDNA added to a final volume of 30 l. The worms were frozen at 85	C
Synthesis Kit (Stratagene) with oligo(dT) primers. npr-1 mRNA levels for 30 min before homogenization on ice. The concentration of etha-
were compared against mRNA levels of a nonvariable control gene nol in the homogenate was determined according to the manufactur-
(F23B2.13) (Link et al., 2003). Primers used for npr-1 were CTATGC er’s instructions using an Alcohol Reagent kit from Sigma. Due to
GTGGCTGAACCCAAGTTTC (forward) and GTGTCGTTGACGCTGA the small size of the animal, it is impossible to know if there are
ACTCGATC (reverse) and for the control mRNA (F23B2.13), GTC compartmental differences in the concentration of ethanol, but we
AAGCTCATCTCAAGTCAAAC (forward) and GCGTCGTACACCAT are making the assumption that all internal tissues are exposed to
CAACTTTC (reverse). The primer sets from both genes span introns. similar concentrations of ethanol. Strain and time course compari-
PCR products were compared on 2% agarose gels over a range of sons were performed using one-way or two-way ANOVA, with Bon-
PCR cycles and were quantified using EagleSight software (Stra- ferroni posttests.
tagene). The entire procedure was repeated twice.
Acknowledgments
Ethanol Suppression of Clumping
We are very grateful to M. de Bono for sharing strains, DNA con-The effect of ethanol on the degree of clumping of npr-1 mutant
structs, unpublished data, and advice. We thank colleagues at theanimals was determined using the same methods as the clumping
Gallo Center and UCSF for helpful discussions. We thank C. Li forassay described above except that the plates were dried and ethanol
providing flp-21 and T. Stiernagle at the C. elegans Genetics Centeradded as described for the acute tolerance assays. The mutants
for strains; the CGC is funded by National Institutes of Health,daf-7(e1372) and daf-8(e1393) displayed too little clumping at a
National Center for Research Support. We thank C. Amundsen fordensity of 20 animals per ring to determine effective suppression
help with computer analysis. This work was supported by fundsby ethanol, so these animals were tested with 50 animals present
provided by the State of California for medical research on alcoholin each ring.
and substance abuse through the University of California, San Fran-
cisco, and by grants from the NIH/NIAAA (S.L.M. and J.C.B).Mapping the Acute Tolerance Locus
Genetic mapping of the locus for rapid acute tolerance in the CB4856
Received: December 2, 2003strain was carried out as follows: CB4856 hermaphrodites were
Revised: March 12, 2004crossed with N2 males, and F2 progeny were screened for rapid
Accepted: April 12, 2004development of acute tolerance. About one quarter of the F2 progeny
Published: June 9, 2004showed rapid acute tolerance at levels similar to that displayed
by the parental CB4856 strain. Three individual F2 hermaphrodite
Referencesanimals displaying rapid tolerance were crossed with N2 males. The
F2 progeny of these crosses were selected for rapid development
Bargmann, C.I. (1998). Neurobiology of the Caenorhabditis elegansof acute tolerance. This process was repeated eight times. The genetic
genome. Science 282, 2028–2033.interval containing the locus responsible for the rapid acute toler-
ance seen in the CB4856 strain was identified as a region of genomic Begleiter, H., and Kissin, B. (1995). The Genetics of Alcoholism (New
DNA that retained homozygosity for the CB4856 allele of the SNPs York: Oxford University Press).
we tested.
Bison, S., and Crews, F. (2003). Alcohol withdrawal increases neuro-
We could further narrow the region containing the locus responsi-
peptide Y immunoreactivity in rat brain. Alcohol. Clin. Exp. Res.
ble for rapid acute tolerance by examining animals that carried
27, 1173–1183.
recombinant chromosomes in the region of interest. We identified
Brenner, S. (1974). The genetics of Caenorhabditis elegans. Geneticsthese animals using a cross between CB4856 and unc-18(e81). F2
77, 71–94.progeny were selected for animals with rapid development of acute
tolerance. The progeny of those animals were examined for the Brownlee, D.J., and Fairweather, I. (1999). Exploring the neurotrans-
mitter labyrinth in nematodes. Trends Neurosci. 22, 16–24.presence of homozygous unc-18 animals, which indicated a cross-
Neuron
742
Coates, J.C., and de Bono, M. (2002). Antagonistic pathways in Kauhanen, J., Karvonen, M.K., Pesonen, U., Koulu, M., Tuomainen,
T.P., Uusitupa, M.I., and Salonen, J.T. (2000). Neuropeptide Y poly-neurons exposed to body fluid regulate social feeding in Caenorhab-
ditis elegans. Nature 419, 925–929. morphism and alcohol consumption in middle-aged men. Am. J.
Med. Genet. 93, 117–121.Colbert, H.A., Smith, T.L., and Bargmann, C.I. (1997). OSM-9, a novel
protein with structural similarity to channels, is required for olfaction, Kirstein, S.L., Davidson, K.L., Ehringer, M.A., Sikela, J.M., Erwin,
mechanosensation, and olfactory adaptation in Caenorhabditis V.G., and Tabakoff, B. (2002). Quantitative trait loci affecting initial
elegans. J. Neurosci. 17, 8259–8269. sensitivity and acute functional tolerance to ethanol-induced ataxia
and brain cAMP signaling in BXD recombinant inbred mice. J. Phar-Davies, A.G., Pierce-Shimomura, J.T., Kim, H., VanHoven, M.K.,
macol. Exp. Ther. 302, 1238–1245.Thiele, T.R., Bonci, A., Bargmann, C.I., and McIntire, S.L. (2003). A
central role of the BK potassium channel in behavioral responses Kubiak, T.M., Larsen, M.J., Nulf, S.C., Zantello, M.R., Burton, K.J.,
to ethanol in C. elegans. Cell 115, 655–666. Bowman, J.W., Modric, T., and Lowery, D.E. (2003). Differential acti-
vation of “social” and “solitary” variants of the Caenorhabditis ele-de Bono, M., and Bargmann, C.I. (1998). Natural variation in a neuro-
gans G protein-coupled receptor NPR-1 by its cognate ligand AF9.peptide Y receptor homolog modifies social behavior and food re-
J. Biol. Chem. 278, 33724–33729.sponse in C. elegans. Cell 94, 679–689.
Lappalainen, J., Kranzler, H.R., Malison, R., Price, L.H., Van Dyck,de Bono, M., Tobin, D.M., Davis, M.W., Avery, L., and Bargmann,
C., Rosenheck, R.A., Cramer, J., Southwick, S., Charney, D., Krystal,C.I. (2002). Social feeding in Caenorhabditis elegans is induced by
J., and Gelernter, J. (2002). A functional neuropeptide Y Leu7Proneurons that detect aversive stimuli. Nature 419, 899–903.
polymorphism associated with alcohol dependence in a large popu-
Diamond, I.F., and McIntire, S.L. (2002). Alcohol neurotoxicity. In
lation sample from the United States. Arch. Gen. Psychiatry 59,
Diseases of the Nervous System: Clinical Neuroscience and Thera-
825–831.
peutic Principles, J.C. McArthur, ed. (Cambridge: Cambridge Univer-
Larhammar, D., Blomqvist, A.G., Yee, F., Jazin, E., Yoo, H., andsity Press), pp. 1814–1826.
Wahlested, C. (1992). Cloning and functional expression of a human
Diamond, I., Nagy, L., Mochly-Rosen, D., and Gordon, A. (1991).
neuropeptide Y/peptide YY receptor of the Y1 type. J. Biol. Chem.
The role of adenosine and adenosine transport in ethanol-induced
267, 10935–10938.
cellular tolerance and dependence. Possible biologic and genetic
LeBlanc, A.E., Kalant, H., and Gibbins, R.J. (1975). Acute tolerancemarkers of alcoholism. Ann. N Y Acad. Sci. 625, 473–487.
to ethanol in the rat. Psychopharmacologia 41, 43–46.Dwyer, N.D., Troemel, E.R., Sengupta, P., and Bargmann, C.I. (1998).
Link, C.D., Taft, A., Kapulkin, V., Duke, K., Kim, S., Fei, Q., Wood, D.E.,Odorant receptor localization to olfactory cilia is mediated by ODR-4,
and Sahagan, B.G. (2003). Gene expression analysis in a transgenica novel membrane-associated protein. Cell 93, 455–466.
Caenorhabditis elegans Alzheimer’s disease model. Neurobiol.Ehlers, C.L., Li, T.K., Lumeng, L., Hwang, B.H., Somes, C., Jimenez,
Aging 24, 397–413.P., and Mathe, A.A. (1998). Neuropeptide Y levels in ethanol-naive
Loria, P.M., Hodgkin, J., and Hobert, O. (2004). A conserved postsyn-alcohol-preferring and nonpreferring rats and in Wistar rats after
aptic transmembrane protein affecting neuromuscular signaling inethanol exposure. Alcohol. Clin. Exp. Res. 22, 1778–1782.
Caenorhabditis elegans. J. Neurosci. 24, 2191–2201.Erwin, V.G., Gehle, V.M., and Deitrich, R.A. (2000). Selectively bred
Lumeng, L., Murphy, J.M., McBride, W.J., and Li, T.K. (1995). Geneticlines of mice show response and drug specificity for genetic regula-
influences on alcohol preference in animals. In The Genetics oftion of acute functional tolerance to ethanol and pentobarbital. J.
Alcoholism, H. Begleiter and B. Kissin, eds. (New York: Oxford Uni-Pharmacol. Exp. Ther. 293, 188–195.
versity Press), pp. 165–201.Fujiwara, M., Sengupta, P., and McIntire, S.L. (2002). Regulation of
Martin, C.S., and Moss, H.B. (1993). Measurement of acute tolerancebody size and behavioral state of C. elegans by sensory perception
to alcohol in human subjects. Alcohol. Clin. Exp. Res. 17, 211–216.and the EGL-4 cGMP-dependent protein kinase. Neuron 36, 1091–
1102. Mayfield, R.D., Lewohl, J.M., Dodd, P.R., Herlihy, A., Liu, J., and
Harris, R.A. (2002). Patterns of gene expression are altered in theGeer, B.W., Heinstra, P.W., and McKechnie, S.W. (1993). The biologi-
frontal and motor cortices of human alcoholics. J. Neurochem.cal basis of ethanol tolerance in Drosophila. Comp. Biochem. Phys-
81, 802–813.iol. B 105, 203–229.
Mello, C.C., and Fire, A. (1995). DNA transformation. In Caenorhab-Heath, A.C., Madden, P.A., Bucholz, K.K., Dinwiddie, S.H., Slutske,
ditis elegans: Modern Biological Analysis of an Organism, H.F. Ep-W.S., Bierut, L.J., Rohrbaugh, J.W., Statham, D.J., Dunne, M.P.,
stein and D.C. Shakes, eds. (San Diego: Academic Press, Inc.),Whitfield, J.B., and Martin, N.G. (1999). Genetic differences in alco-
pp. 451–482.hol sensitivity and the inheritance of alcoholism risk. Psychol. Med.
29, 1069–1081. Moore, M.S., DeZazzo, J., Luk, A.Y., Tully, T., Singh, C.M., and
Heberlein, U. (1998). Ethanol intoxication in Drosophila: genetic andHiltunen, A.J., Saxon, L., Skagerberg, S., and Borg, S. (2000). Acute
pharmacological evidence for regulation by the cAMP signalingtolerance during intravenous infusion of alcohol: comparison of per-
pathway. Cell 93, 997–1007.formance during ascending and steady state concentrations–a pilot
study. Alcohol 22, 69–74. Park, S.K., Sedore, S.A., Cronmiller, C., and Hirsh, J. (2000). Type
II cAMP-dependent protein kinase-deficient Drosophila are viableHodgkin, J., and Doniach, T. (1997). Natural variation and copulatory
but show developmental, circadian, and drug response phenotypes.plug formation in Caenorhabditis elegans. Genetics 146, 149–164.
J. Biol. Chem. 275, 20588–20596.Hwang, B.H., Zhang, J.K., Ehlers, C.L., Lumeng, L., and Li, T.K.
Ponomarev, I., and Crabbe, J.C. (2002). A novel method to assess(1999). Innate differences of neuropeptide Y (NPY) in hypothalamic
initial sensitivity and acute functional tolerance to hypnotic effectsnuclei and central nucleus of the amygdala between selectively bred
of ethanol. J. Pharmacol. Exp. Ther. 302, 257–263.rats with high and low alcohol preference. Alcohol. Clin. Exp. Res.
23, 1023–1030. Prescott, C.A., and Kendler, K.S. (1999). Genetic and environmental
contributions to alcohol abuse and dependence in a population-Ilveskoski, E., Kajander, O.A., Lehtima¨ki, T., Kunnas, T., Karhunen,
based sample of male twins. Am. J. Psychiatry 156, 34–40.P.J., Heina¨la¨, P., Virkkunen, M., and Alho, H. (2001). Association of
neuropeptide Y polymorphism with the occurrence of type 1 and Rand, J.B., and Johnson, C.D. (1995). Genetic pharmacology: Inter-
type 2 alcoholism. Alcohol. Clin. Exp. Res. 25, 1420–1422. actions between drugs and gene products in C. elegans. In Caeno-
rhabditis elegans: Modern Biological Analysis of an Organism, H.F.Kalant, H., LeBlanc, A.E., and Gibbins, R.J. (1971). Tolerance to, and
Epstein and D.C. Shakes, eds. (San Diego: Academic Press), pp.dependence on, some non-opiate psychotropic drugs. Pharmacol.
187–204.Rev. 23, 135–191.
Kaplan, H.L., Sellers, E.M., Hamilton, C., Naranjo, C.A., and Dorian, Rodriguez, L.A., Wilson, J.R., and Nagoshi, C.T. (1993). Does psy-
chomotor sensitivity to alcohol predict subsequent alcohol use?P. (1985). Is there acute tolerance to alcohol at steady state? J.
Stud. Alcohol 46, 253–256. Alcohol. Clin. Exp. Res. 17, 155–161.
NPR-1 and Acute Ethanol Tolerance in C. elegans
743
Rogers, C., Reale, V., Kim, K., Chatwin, H., Li, C., Evans, P., and De Zhu, G., Pollak, L., Mottagui-Tabar, S., Wahlestedt, C., Taubman,
J., Virkkunen, M., Goldman, D., and Heilig, M. (2003). NPY Leu7ProBono, M. (2003). Inhibition of Caenorhabditis elegans social feeding
by FMRFamide-related peptide activation of NPR-1. Nat. Neurosci. and alcohol dependence in Finnish and Swedish populations. Alco-
hol. Clin. Exp. Res. 27, 19–24.6, 1178–1185.
Roy, A., and Pandey, S.C. (2002). The decreased cellular expression
of neuropeptide Y protein in rat brain structures during ethanol
withdrawal after chronic ethanol exposure. Alcohol. Clin. Exp. Res.
26, 796–803.
Scholz, H., Ramond, J., Singh, C.M., and Heberlein, U. (2000). Func-
tional ethanol tolerance in Drosophila. Neuron 28, 261–271.
Schuckit, M.A. (2002). Vulnerability factors for alcoholism. In Neuro-
psychopharmacology: The Fifth Generation of Progress, K. Davis,
ed. (Philadelphia: Lippincott Williams and Wilkins), pp. 1399–1411.
Schuckit, M.A., and Smith, T.L. (1996). An 8-year follow-up of 450
sons of alcoholic and control subjects. Arch. Gen. Psychiatry 53,
202–210.
Schuckit, M.A., Edenberg, H.J., Kalmijn, J., Flury, L., Smith, T.L.,
Reich, T., Bierut, L., Goate, A., and Foroud, T. (2001). A genome-
wide search for genes that relate to a low level of response to
alcohol. Alcohol. Clin. Exp. Res. 25, 323–329.
Schumann, G., Spanagel, R., and Mann, K. (2003). Candidate genes
for alcohol dependence: animal studies. Alcohol. Clin. Exp. Res.
27, 880–888.
Shioi, G., Shoji, M., Nakamura, M., Ishihara, T., Katsura, I., Fujisawa,
H., and Takagi, S. (2001). Mutations affecting nerve attachment of
Caenorhabditis elegans. Genetics 157, 1611–1622.
Tabakoff, B., and Ritzmann, R.F. (1979). Acute tolerance in inbred
and selected lines of mice. Drug Alcohol Depend. 4, 87–90.
Thiele, T.E., and Badia-Elder, N.E. (2003). A role for neuropeptide Y
in alcohol intake control: evidence from human and animal research.
Physiol. Behav. 79, 95–101.
Thiele, T.E., Marsh, D.J., Ste Marie, L., Bernstein, I.L., and Palmiter,
R.D. (1998). Ethanol consumption and resistance are inversely re-
lated to neuropeptide Y levels. Nature 396, 366–369.
Thiele, T.E., Willis, B., Stadler, J., Reynolds, J.G., Bernstein, I.L., and
McKnight, G.S. (2000). High ethanol consumption and low sensitivity
to ethanol-induced sedation in protein kinase A-mutant mice. J.
Neurosci. 20, RC75.
Thiele, T.E., Koh, M.T., and Pedrazzini, T. (2002). Voluntary alcohol
consumption is controlled via the neuropeptide Y Y1 receptor. J.
Neurosci. 22, RC208.
Thomas, J.H., Birnby, D.A., and Vowels, J.J. (1993). Evidence for
parallel processing of sensory information controlling dauer forma-
tion in Caenorhabditis elegans. Genetics 134, 1105–1117.
Tobin, D., Madsen, D., Kahn-Kirby, A., Peckol, E., Moulder, G.,
Barstead, R., Maricq, A., and Bargmann, C. (2002). Combinatorial
expression of TRPV channel proteins defines their sensory functions
and subcellular localization in C. elegans neurons. Neuron 35,
307–318.
Volavka, J., Czobor, P., Goodwin, D.W., Gabrielli, W.F., Jr., Penick,
E.C., Mednick, S.A., Jensen, P., and Knop, J. (1996). The electro-
encephalogram after alcohol administration in high-risk men and
the development of alcohol use disorders 10 years later. Arch. Gen.
Psychiatry 53, 258–263.
Wicks, S.R., Yeh, R.T., Gish, W.R., Waterston, R.H., and Plasterk,
R.H. (2001). Rapid gene mapping in Caenorhabditis elegans using
a high density polymorphism map. Nat. Genet. 28, 160–164.
Wilhelmsen, K.C., Schuckit, M., Smith, T.L., Lee, J.V., Segall, S.K.,
Feiler, H.S., and Kalmijn, J. (2003). The search for genes related to
a low-level response to alcohol determined by alcohol challenges.
Alcohol. Clin. Exp. Res. 27, 1041–1047.
Woldbye, D.P., Ulrichsen, J., Haugbol, S., and Bolwig, T.G. (2002).
Ethanol withdrawal in rats is attenuated by intracerebroventricular
administration of neuropeptide Y. Alcohol Alcohol. 37, 318–321.
Wolf, F.W., and Heberlein, U. (2003). Invertebrate models of drug
abuse. J. Neurobiol. 54, 161–178.
Wu, Q., Wen, T., Lee, G., Park, J.H., Cai, H.N., and Shen, P. (2003).
Developmental control of foraging and social behavior by the Dro-
sophila neuropeptide Y-like system. Neuron 39, 147–161.
